The binding constants of a number of ligands were measured for pancreatic elastase (PE) and anhydroelastase (AE) in order to assess the contribution of 
INTRODUCTION
Human polymorphonuclear leucocytes contain an endopeptidase capable of degrading elastin as well as a variety of other connective-tissue proteins (Stein et al., 1985) . This enzyme, commonly referred to as human leucocyte elastase (EC 3.4.21.37) , has long been considered a potential therapeutic drug target because of its involvement in inflammatory tissue injury (Janoff, 1972) . A number of investigators (Powers & Tuhy, 1973; Doherty et al., 1986; Hassal et al., 1979) have synthesized inhibitors of human leucocyte elastase that may have potential usefulness for treatment of emphysema, adult respiratory-distress syndrome and other related diseases (Stein et al., 1985) . Pig pancreatic elastase (PE, EC 3.4.21.36) , the best characterized of all elastases, shares a number of properties with human leucocyte elastase and has often been used as a model of that enzyme for the study of the active-site binding by human leucocyte elastase (e.g. see Hassal et al., 1979; Yoshimura et al., 1982; Meyer et al., 1985) . In the mechanism of action of the serine proteinases, Ser-195 plays a double role as part of the catalytic machinery of the enzyme and as a component of the binding site for substrate and inhibitors. The relative importance of the latter is difficult to analyse in the framework of the intact enzyme where catalysis is taking place. We have prepared a chemically modified PE, anhydro-elastase (AE), in which has been converted into dehydroalanine, in an effort to clarify this issue. Weiner et al. (1966) first demonstrated that catalytically inactive anhydro-chymotrypsin retained its ability to bind both the substrate N-benzoyl-L-phenylalanine and the inhibitor proflavin. Subsequent studies by Feinstein & Feeney (1966) and Ako et al. (1974) showed that anhydro-chymotrypsin, as well as anhydro-trypsin, could bind naturally occurring inhibitors such as lima-bean and soya-bean trypsin inhibitors with affinities similar to those of the native enzymes. Anhydrochymotrypsin and chymotrypsin were shown to bind these reversible protein inhibitors rapidly and stoichiometrically with a dynamic exchange, indicating that Ser-195 did not significantly contribute to the free energy ofcomplex-formation (Ako et al., 1974) . However, Nishikata (1983) using anhydro-chymotrypsin and Tsai & Bender (1984) using anhydro-elastase demonstrated a large decrease in affinities for small synthetic inhibitors such as chymostatin analogues and arylboronic acids respectively.
In the present studies we have examined the binding and inhibition of several ligands to AE and PE. In addition, we have used X-ray crystallography to show the binding of a PE substrate to the active site of AE. The data suggest that the contribution of the hydroxy group Abbreviations used: PE, pancreatic elastase; AE, anhydro-elastase; SAN, 3-carboxypropionyl-Ala-Ala-Ala-p-nitroanilide; CK, acetyl-Ala-AlaPro-Ala-CH2C1.
Vol. 242
of (1970) . AE was prepared by alkali treatment of phenylmethanesulphonyl fluoride-treated PE as described by Ako et al. (1972a,b) , and isolated by affinity chromatography on a turkey ovomucoid inhibitor-Sepharose column essentially as described by Murphy et al. (1982) except that elution was with an acetic acid gradient from 0 to 0.1 M. Protein fractions bound to and eluted from the affinity column that had negligible enzyme activity and high dehydroalanine content were used as AE. Dehydroalanine content of the protein were determined by the method of Weiner et al. (1966) . Elastase activity was assayed by the spectrophotometric method of Bieth et al. (1974) , with SAN as substrate. Crystallization of PE and AE Diffraction-quality crystals of native PE and AE measuring approx. 0.2 mm3 were grown at room temperature by the hanging-drop vapour-diffusion method described by McPherson (1982) . The conditions used were similar to those reported by Shotton et al. (1971) , except that we used 6.0 mM-Na2SO4 in 0.1 Msodium acetate buffer, pH 5.0, in 10 ,1 droplets ofenzyme solution at a concentration of 15.0 mg/ml. The plastic coverslips containing enzyme drops were suspended over wells containing 0.1 M-Na2SO4 in 0.1 M-acetate buffer at pH 5. For X-ray-diffraction analysis of the AE complexes, SAN dissolved in dimethyl sulphoxide was added directly to hanging drops containing crystals to a final concentration of 1.0 mm. After overnight soaking, crystals were mounted in sealed glass capillaries for data collection. Enzymic activity of crystalline PE The fluorescence spectra of AE and AE complexed with SAN were measured at an excitation wavelength of 280 nm and emission spectra from 290 nm to 450 nm according to the method of Lehrer & Fasman (1966 (Sparks, 1982) of 0.25°was used to measure reflexion intensities at 0.5 to 2.0°/min, depending on the resolution. Background intensity was measured on both sides of the peak, at 0.75°from the centre, for one-quarter the time of the peak scan. Ten check reflexions scattered throughout reciprocal space were routinely monitored during data collection. Empirical absorption (North et al., 1967) , linear radiation decay and Lorentz polarization corrections were applied to the data (Saper, 1983) . All reflexions with intensity I > o-(I) were included. Scaling, structure factor and electrondensity calculations were done with the PROTEIN (Steigemann, 1974) structure-analysis package of programs. Starting phases for this study were calculated from the 0.25 nm pig PE co-ordinates reported by Sawyer et al. (1978) as deposited in the Brookhaven Protein Data Bank (Bernstein et al., 1977) . Substrate models were fit to the experimental density by using the program FRODO (Jones, 1978 (Jones, , 1982 as modified by Bush (1984) , on an Evans and Sutherland Multi-Picture System attached to a VAX 11/780 computer.
RESULTS

Properties of AE
An elution profile of porcine PE, inactivated with phenylmethanesulphonyl fluoride, followed by treatment with 0.1 M-NaOH, from a turkey ovomucoid inhibitorSepharose column is shown in Fig. 1 difference electron-density map of AE (Fig. 2) revealed the absence of both the hydroxy group of Ser-195 and an SO42-ion, designated SU-2, which had been observed in the active site of native PE (Sawyer et al., 1978) . Some Wavelength (nm) 0.08r (b) negative density in the region of Cysconversion into dehydroalanine as -treatment (Jones et al., 1983 show strong density in the active (Fig. 3) . The C-terminus of the sub, dehydroalanine-195 (Fig. 4b)  this is an unexpected result, since acylation of ding. However, no PE by acl proteinase inhibitor has been considered to be 1. Also, no electron not essential to inhibition (Travis & Salvesen, 1983) . o the p-nitroanilide A 4-lactam, 3-acetoxymethyl-7a-methoxy-3-cephemenzyme. This was 4-carboxylate 1,1-dioxide t-butyl ester, which was shown 1h crystals of AE to be a mechanism-based inactivator of human leucocyte 5 mM-di-isopropyl elastase (Doherty et al., 1986) 
DISCUSSION
When PE was inactivated with phenylmethanesulphonyl fluoride and then treated with base to generate AE, at least four products were obtained (see Fig. 1 ). This heterogeneity could be caused by the side reactions of the alkaline elimination at disulphide bonds (Jones et al., 1983) and/or by the cleavage of peptide bonds readily sensitive to base. After purification on turkey ovomucoid inhibitor-Sepharose, one portion (fraction III) of the AE was crystallized. X-ray-diffraction analysis of the crystalline AE preparation revealed no significant alteration of structure relative to the native PE, except dehydration of the Ser-195 residue and loss of a nearby S042-ion. X-ray-crystallographic analysis of crystals of AE soaked with the substrate SAN provided direct evidence for its binding. Unfortunately, the present study of substrate binding was unsuccessful in detecting possible S1'-P,' Vol. 242 interaction, since the p-nitroanilide group of the bound ligand was absent. Even when extreme steps were taken to eliminate residual PE activity by soaking AE crystals with 5 mM-di-isopropyl phosphorofluoridate, some elastase activity could subsequently be detected upon prolonged incubation at 25 'C. It is feasible that enzyme regeneration occurred by rehydration reactions similar to those described by Gold & Fahrney (1964) . Since the peptidyl portion of SAN was found in the active site and the p-nitroanilide group was absent, it is difficult to determine if the serine-modified enzyme or residual active enzyme is responsible for hydrolysing the substrate. Answers to such questions may eventually be provided by site-specific mutagenesis such as that reported for subtilisin by Bryan et al. (1986 ). Murphy et al. (1982 have reported the preparation and crystallization of AE, but they did not observe binding of Ala-Ala-Ala-Lys-Phe by AE crystals soaked in the substrate by electron-density difference maps.
Comparative studies of anhydroserine enzymes with native enzymes of a number of serine proteinases have been reported (Ako et al., 1974; Vincent et al., 1974; Huber et al., 1975; Poulos et al., 1976; Murphy et al. 1982; Nishikata, 1983; Tsai & Bender, 1984; Williams et al., 1984) . The remarkable feature of all anhydroenzymes studied is their capacity to combine with some of their ligands that normally serve as inhibitors or substrates with their affinities for those ligands only slightly altered (Ako et al., 1972a,b; Andersson & Wolfenden, 1980; Weiner et al., 1966) . However, it is apparent from the present study, as well as the results reported by Tsai & Bender (1984) on their binding of arylboronic acids to AE and the work of Andersson & Wolfenden (1980) (Tsai & Bender, 1984) or ,-lactam inhibitors (Doherty et al., 1986) ; (b) those that in addition to the active-site serine residue are also significantly governed by binding of subsite regions (Schechter & Berger, 1967) such as the peptidylhalomethanes (Powers & Tuhy, 1973; Poulos et al., 1976) and the peptidylboronic acids described by Kettner & Shenvi (1984) ; (c) those whose binding is mainly due to the interaction of large domains by hydrogen-bonding and are hydrophobic in nature, with only a small contribution from serine adduct formation, as in the case of most of the naturally occurring protein inhibitors.
In this last case, the binding of turkey ovomucoid inhibitor to PE and AE is largely independent of Ser-195, and dissociation can only be achieved at low pH. The inhibition of proteinases by a, proteinase inhibitor can occur without requirement for formation of the acyl intermediate (Travis & Salvesen, 1983) . However, the cleavage of the Met-Ser bond of a, proteinase inhibitor by elastase is important to the association rate for the enzyme-inhibitor complex (Travis & Salvesen, 1983; Vincent & Lazdunski, 1972; Drechsel et al., 1984) . We have found that a, proteinase inhibitor can also form a stable complex with AE as analysed by polyacrylamidegel electrophoresis (H. R. Williams & T.-Y. Lin, unpublished work) , even though the apparent binding was diminished, with a KPE/KAE ratio of about 30: 1 (see Table 1 ). This suggests that the contribution of to the binding of al proteinase inhibitor may be more significant than previously assumed.
The binding of the CK to AE was much weaker than that to PE (see Table 1 ). This was expected, since previous studies of the interaction of oligopeptidylhalomethanes with a number of serine proteinases as well as anhydro-chymotrypsin have suggested that formation of a tetrahedral hemiketal is a prerequisite to alkylation of the catalytic histidine residue. The formation of the tetrahedral hemiketal has been proposed to involve the participation of the hydroxy group of Ser-195 (Poulos et al., 1976; James et al., 1980) . Amino acid analyses of AE treated with CK showed that the CK did not modify any histidine residues, in agreement with the observation by Weiner et al. (1966) that tosylphenylalanylchloromethane did not alkylate any histidine residues in anhydro-trypsin. Orientation of the chloromethyl group to the histidine residue appears to be governed by the formation of the tetrahedral hemiketal with Ser-195 at P1, even if the correct alignment of P1-P4 in the subsites has occurred. Alternatively, these results may offer support for an inactivation scheme of CK in which a Ser-195-mediated enzyme-bound epoxide intermediate is involved (Powers, 1977) .
In contrast with the large decrease in binding to AE observed with the ,J-lactam and phenylmethanesulphonyl fluoride, it was surprising to find that the acylating inhibitors such as 3,4-dichloroisocoumarin and 2-(2-ethylbutyryl)-1,2-benzoisothiazolin-3-one showed only a small decrease in binding of the enzyme as a consequence of serine dehydration. The heterocyclic structure of these compounds may contribute to the strong affinity for the oxy anion hole in the active site, which appears unaltered in AE. This is an example of such cases where the formation of a tetrahedral enzyme-ligand complex and the expulsion of a leaving group are strongly influenced by the interactions of the structural moieties near the carbonyl group to be attacked by . Such observations also support the relevance of AE as a model for exploration of structural factors critical to being a good substrate or a potent inhibitor.
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